Handroanthus impetiginosus is an ornamental tree used in urban forestry programs and landscaping, produces good timber, and has medicinal qualities. Clearing of natural forest has been increased and motivates to find techniques that optimize rhizogenesis to ex situ conservation and reforestation. & Aims This study evaluated Azospirillum brasilense as an enhancer of in vitro rooting of H. impetiginosus under different indole-3-butyric acid (IBA) pulse inductions and media formulations. & Methods In vitro shoots were induced with 0 to 50-μM IBA pulse for 3 days, transferred to two half-strength media (Murashige and Skoog salts with Gamborg's vitamins [MSG] and woody plant medium), and inoculated or not with A. brasilense Cd or Az39 strains. & Results The statistic response surface methodology determined that both A. brasilense strains decreased auxin requirement for rooting up to 49 % in half-strength MSG. In this medium, Cd strain with 30-μM IBA pulse produced the 98 % of rooting shoots 21 days before uninoculated plants induced with the same IBA pulse. Also, the biometric parameter index increased from 127 to 286 % in shoots inoculated and induced with 0 to 30 μM IBA, relative to uninoculated. & Conclusion Our results show that biofertilization with A. brasilense significantly promotes in vitro rooting of H. impetiginosus decreasing auxin requirements and micropropagation costs.
Introduction
Pink lapacho [Handroanthus impetiginosus (Mart. ex DC) Mattos (=Tabebuia impetiginosa)], an ornamental tree in the Bignoniaceae family, is used in urban forestry programs and landscaping for its abundant pink blooms in the spring (Justiniano et al. 2000) . It is also a timber and medicinal resource. The stem bark has anti-inflammatory, anti-microbial, diuretic, and anti-carcinogenic properties, and the leaves have been used as external astringents and anti-septic agents. Since several Handroanthus species are under threat as a result of increased crop production and grazing in their biome, ex situ conservation of H. impetiginosus is essential for preserving its biological diversity (Justiniano et al. 2000; Pijut et al. 2012) .
Seedlings are the traditional means of H. impetiginosus propagation, but adverse soil and environmental conditions and variable seed production make it necessary to develop techniques to propagate this ecological and economically important species (Pijut et al. 2012 ). The vegetative production of forestry species by in vitro culture provides material that aids in the preservation of genetic resources, the cryopreservation of endangered and important woody plants for reforestation, and solves the seasonal supply problems associated with the rooting of stem cuttings (George et al. 2008) .
It has been reported that in vitro conditions, such as high relative humidity, low light intensity, large diurnal fluctuations in CO 2 concentration, and excessive nutrient provision, can produce some modifications in micropropagated plantlets such as hyperhydric tissue and underdeveloped root systems, which reduce plant performance. These problems require the use of alternative technologies, such as the inoculation of plant growth-promoting rhizobacteria (PGPR), to eliminate many of the difficulties and alterations associated with the in vitro rooting of woody plants. The ability of PGPR of the genus Azospirillum has been examined in herbaceous plants and horticultural crops, whereas this has been poorly studied in woody species (Bashan and de-Bashan 2010; Russo et al. 2012) . These bacteria exhibit plant growth regulatory activities and induce defense responses in the host. Growth promotion by Azospirillum spp. was mainly related to the production of auxin, cytokinin, and gibberellin (Perrig et al. 2007; Russo et al. 2012) . The bacterial growth regulators interact with phytohormones to modify metabolism and plant morphology and, in consequence, improve water and mineral absorption (Bashan and de-Bashan 2010) . Another mechanism involved in the positive response of plants to inoculation was the ability of Azospirillum spp. to fix nitrogen under microaerophilic conditions although the increase in total plant nitrogen was highly variable (0 to 80 %) (Bashan et al. 2004) . It has been proposed that the promotion of plant growth by Azospirillum spp. involves a combination of many mechanisms dependent on plant species, Azospirillum strain, and environmental conditions prevailing during the interaction (Bashan and deBashan 2010).
The effect of different strains of Azospirillum brasilense on micropropagation has been studied in jojoba, photinia, soybean, and rootstocks of apple and plum (Carletti et al. 1998; Larraburu et al. 2007 Larraburu et al. , 2010 Cassán et al. 2009; Vettori et al. 2010; Llorente and Larraburu 2013) . These studies showed beneficial influences on rhizogenesis through growth promotion and fewer alterations during in vitro culture. In this sense, A. brasilense Sp245 produced an increase in stem length and node number (37 and 42 %, respectively), compared to the control on the micropropagation of plum rootstocks and higher vigor (Vettori et al. 2010) . In jojoba, A. brasilense Cd reached 86 % rooting and showed a shorter time of root initiation than controls which only rooted 43 % (Carletti et al. 1998) . Photinia shoots inoculated with A. brasilense Cd significantly increase fresh and dry weights of shoots (32 and 62 %, respectively) and roots (105 and 137 %, respectively), root surface area (65 %), and rooting percentage (56 %), compared to control (Larraburu et al. 2007; Llorente and Larraburu 2013) . In addition, anatomical and morphological studies showed that inoculated photinia plants have better development than control and were similar to ex vitro plants.
Also, the inoculation with Az39 strain caused a significant increase in shoot length, root and shoot dry weight, and early growth of soybean seedlings compared to control (Cassán et al. 2009 ). Cd and Az39 strains produce growth-promoting substances that affect morphogenesis (Perrig et al. 2007; Bashan and de-Bashan 2010) , so these were selected to study the effect on in vitro rooting of a pool of H. impetiginosus clonal lines.
Plant hormonal balance, exogenous auxin concentration, chemical and osmotic medium composition, and individual species requirements are among the factors affecting root initiation (George et al. 2008) . Root growth and differentiation have been inextricably linked with plant hormones, particularly auxin, and rhizobacteria may produce modifications in hormonal balance and enhance rhizogenesis. Quantifying the effect of A. brasilense inoculation on shoots induced with different indole-3-butyric acid (IBA) concentrations allows evaluating if bacterial hormonal production may replace total or partially the auxin exogenous requirement. In the present study, we tested the hypothesis that inoculation with A. brasilense Cd and Az39 may promote in vitro rooting of H. impetiginosus under different IBA pulse inductions using two plant culture media formulations.
Materials and methods

Plant material and culture conditions
Microcuttings from several pink lapacho (H. impetiginosus) clones obtained by in vitro culture according to Larraburu et al. (2012) were used. In brief, nodal segments (1-1.5 cm) were placed in woody plant medium (WPM; Lloyd and Mc Cown, 1980) supplemented with 1 μM IBA and 20 μM 6-benzylaminopurine for shoot proliferation. Seven shoots per glass flask (350 mL) were cultured in 60 mL of medium. In vitro rooting induction was assayed with 0, 10, 20, 30, 40, and 50 μM IBA for 3 days. Root development was achieved in two auxin-free half-strength culture media: 1/2 WPM and 1/2 Murashige and Skoog salts (1962) with Gamborg's vitamins (Gamborg et al. 1968 ) (MSG). The osmotic potentials obtained using van't Hoff's equation (Taiz and Zeiger 2010) Murashige and Skoog (1962) salt with Gamborg's vitamins (1968) , 1/2 WPM half-strength woody plant medium (Lloyd and McCown 1980) Argentina), and the pH of the media was adjusted to 5. ) with a 16-h photoperiod.
Bacterial strains and culture conditions
A. brasilense Cd (ATCC 29710) and Az39 (locally isolated) were used for the experiments. Bacterial inocula were grown in 250-mL Erlenmeyer flasks with 150-mL liquid medium (Okon et al. 1977 
Rooting experiments
Single shoots approximately 15 to 20 mm in length with two to three nodes were excised from 4-week-old proliferating cultures. For root induction, each shoot was cultured for 3 days in tubes containing 1/2 WPM or 1/2 MSG media with 0, 10, 20, 30, 40, or 50 μM IBA and then transferred to 1/2 WPM or 1/2 MSG auxin-free root development medium for 35 days. Inoculation was made at the time of transferring induced shoots to root development medium by adding 0.1 mL Cd or Az39 strain of A. brasilense culture at the base of each shoot (2×10 7 c.f.u per shoot). This bacterial concentration was chosen to be between the 10 6 and 10 8 c.f.u.mL −1 assayed previously, because it permitted the growth of both shoots and bacteria. Treatments omitting bacterial inoculation were controls. The shoots were considered rooted if one or more macroscopically visible roots (≥0.5 cm long) emerged after 38 days of culture. Emerging time (weekly) of the first root and rooting percentage were determined. The presence or absence of a basal callus and hyperhydricity was scored visually. The fresh and dry weights of shoots and roots, number of leaves and roots, main shoot and root length, and root surface area as milligrams of Ca(NO 3 ) 2 adhered to the root (Carley and Watson 1966) were recorded.
In order to determine the optimal IBA concentration and the time required for maximum rooting, the response surface methodology for each bacterial inoculation and medium combination was applied using the R 2.15.2 statistical software (R Core Team 2013). This methodology allowed to determine that the relationship between the rooting percentage (RP), culture time (T), and different IBA concentrations (H) was satisfactorily described by the equation RP=aH 2 +bT 2 +cT+dH+eT+f, where lowercase letters represent the coefficients of the corresponding terms. Shoot acclimatization of each treatment was performed according to the method described by Larraburu et al. (2012) .
Bacterial colonization and viability
Randomly selected roots from the inoculated and uninoculated treatments were subjected to an ascending gradient of ethanol (30°, 50°, 75°, 100°), dried using the critical point method, mounted, and metalized with gold-palladium (60:40). Bacteria localization was observed and photographed using a Philips XL-30 SEM (SEM Service, MACN, Buenos Aires, Argentina). Bacteria growing in the culture media were observed and photographed by environmental scanning microscopy (ESEM Service, CITEFA, Buenos Aires, Argentina).
After assaying, the roots of control and inoculated plants were shaken for 3 days in Okon's liquid medium, and suitable dilutions were plated on RC medium supplemented with 2 % agar (Britania, Argentina) to test bacterial viability and colony characteristics.
Experimental design and statistical analysis
Experiments were performed on the basis of a completely randomized design with three replicates per experiment and 15 to 20 shoots per treatment. A full factorial analysis with three factors (culture medium, IBA concentration, and bacterial inoculation) was used for biometric parameters, and a full factorial with repeated measures using the same factors was performed for rooting percentage. Data were statistically analyzed by means of analysis of variance (ANOVA), and means were compared using Tukey's multiple range tests (p≤0.05). When required, values for parameters were transformed for normality using natural log or arcsine of the root. All data were evaluated using SPSS® v.12.0 (SPSS Inc. 2003) . To analyze global effects for factors and their interactions, an index was constructed using all the biometric parameters (biometric parameter index (BPI)) as follows:
CM(i,t): Cell mean for biometric parameter i in treatment t GM(i): Grand mean for biometric parameter i SG(i): Overall standard deviation for biometric parameter i (1/2 MSG or 1/2 WPM). 1/2 MSG half-strength Murashige and Skoog (1962) salt with Gamborg's vitamins (1968) , 1/2 WPM half-strength woody plant medium (Lloyd and McCown 1980) The predicted IBA concentration (H) and time (T) required for maximum rooting percentage (RP) for each combination of culture medium and bacterial inoculation were determined by applying a response surface methodology (RSM) using the R 2.15.2 statistical software (R Core Team 2013).
Results
Rooting percentage
Factorial repeated measures analysis showed that interactions between pulses of IBA induction, medium type, bacterial inoculation, and time significantly affected the in vitro rooting percentage of H. impetiginosus shoots (F=6.439, p=0.000).
The rooting percentage of uninoculated and non-induced pink lapacho shoots was higher in 1/2 WPM (43 %) than in 1/2 MSG (25 %). Conversely, when 30 or 50 μM IBA was used to induce rooting, the shoots grown in 1/2 MSG had higher rooting percentages than those in 1/2 WPM (Fig. 1) . Furthermore, Cd strain inoculation increased the rooting with respect to controls in most treatments. The effect was particularly perceptible with 30 μM IBA in 1/2 MSG, in which A. brasilense Cd had 98 % rooting 21 days before shoots without inoculation or with Az39 bacteria (Fig. 1) .
The coefficients of the equation obtained by response surface statistical analysis of rooting percentage differed Gamborg's vitamins (1968) , 1/2 WPM half-strength woody plant medium (Lloyd and McCown 1980) depending on the culture medium and bacterial strain used (Table 1 ). The proposed equation showed that the IBA concentration needed to obtain maximum rooting in pink lapacho shoots was also dependent on the type of culture medium. In treatments without inoculation, the culture in 1/2 WPM required 79.9 μM IBA for 73.7 % rooting, while in 1/2 MSG, 77 % rooting occurred with 50 μM IBA.
Inoculation with both strains of A. brasilense decreased the optimal concentration of IBA for inducing rooting in pink lapacho in both culture media compared to the uninoculated treatments. The use of A. brasilense Cd reduced 56 % (from 79.9 to 51.2 μM) the IBA concentrations required for optimal rooting in 1/2 WPM and 71 % (from 50 to 29.2 μM) in 1/2 MSG. A. brasilense Az39 inoculation also reduced 96 % Different capital letters in the same row indicate significant differences (p≤0.05, Tukey's test) between culture media with and without bacterization for each pulse IBA concentration. Dissimilar lowercase letters in the same column indicate significant differences (p≤0.05, Tukey's test) between pulse IBA concentrations for each medium and bacterization combination IBA indole-3-butyric acid, 1/2 MSG half-strength Murashige and Skoog (1962) salt with Gamborg's vitamins (1968) , 1/2 WPM half-strength woody plant medium (Lloyd and McCown 1980) a Expressed as milligram of saturated Ca(NO 3 ) 2 adhered to the root surface (from 79.9 to 40.8 μM) the IBA concentrations required for optimal rooting in 1/2 WPM and 7 % (from 50 to 46.7 μM) in 1/2 MSG.
Biometric parameters
Factorial analysis showed that the triple interaction between bacterial inoculation, culture medium, and IBA concentration induction pulse was significant (p≤0.05) for all aerial and root parameters studied, except leaf number. In general, plants obtained in all treatments showed suitable development in vitro with little callus formation and no signs of hyperhydricity. One to four roots per shoot with good development and a low frequency of secondary roots were observed (Fig. 2) . Mean comparison analysis for each parameter by the Tukey's test (p≤0.05) showed that several of the 36 treatments belonged to multiple groups, hindering data interpretation. Therefore, it was decided to make comparisons inside each auxin concentration (analysis by row, capital letters) and for all IBA concentrations in each medium-bacterial inoculation combination (analysis per column, lowercase) (Tables 2  and 3 ). The higher absolute number of leaves and shoot length in controls were observed in 1/2 MSG induced with 20 and 40 μM IBA, respectively, with significant differences (p≤0.05) with respect to shoots in 1/2 WPM (Table 2, Fig. 2) . In uninoculated treatments in 1/2 MSG with 10, 20, or 50 μM IBA pulse, root length, root fresh and dry weights, and root surface area were significantly higher (p≤0.05) than those in 1/2 WPM with the same IBA pulse. The length of the longest root in controls ranged between 10.3 and 50.8 mm, with the highest value obtained with a pulse of 10 μM IBA in 1/2 MSG medium ( Fig. 2) . In general, in 1/2 WPM, controls showed better results when induced with 30 μM IBA, although the only significant differences (p≤0.05) with respect to non-induced shoots (0 μM IBA) were observed in dry root weight and surface area (Tables 2 and 3 , Fig. 2) .
Regardless of the auxin concentration used, the mean comparison analysis generally showed that the bacterial inoculation in 1/2 MSG medium increased the biometric parameters in pink lapacho, producing higher values than those observed in 1/2 WPM. In 1/2 MSG medium compared to uninoculated plants, inoculation with A. brasilense Cd yielded significantly higher (p≤0.05) in leaf number (44 %), shoot length (36 to 75 %), shoot fresh and dry weights (33 to 43 %), and length of the longest root (92 %) at low IBA concentration (0-10 μM) whereas increases in root number (82 to 90 %) and root dry weights (53 to 66 %) were observed with middle IBA levels (20 to 40 μM).
A biometric parameter index (BPI) was developed to categorize the effectiveness of different treatments consisting of the sum of the standardized mean for each parameter analyzed (Fig. 3) . The 1/2 MSG treatments generally produced positive BPI in all IBA concentrations, while the BPI was negative for all 1/2 WPM treatments. The Cd strain inoculation in 1/2 MSG increased between 127 and 286 % the BPI in shoots induced with 0 to 30 μM IBA, relative to uninoculated treatment. The Az39 strain raised the BPI of shoots induced with 10, 20, and 40 μM IBA (304, 444, and 113 %, respectively). In addition, A. brasilense Cd increased 20 % plant survival rate with respect to controls after 5 month of acclimatization, whereas A. brasilense Az39-inoculated plants showed no significant survival increases. and bacterial inoculation level (uninoculated or inoculated with Azospirillum brasilense Cd o Az39 strains). 1/2 MSG half-strength Murashige and Skoog (1962) salt with Gamborg's vitamins (1968) , 1/2 WPM half-strength woody plant medium (Lloyd and McCown 1980) 3.3 Bacterial localization and survival SEM examination of root surfaces verified A. brasilense Cd adhesion to root hairs and rhizodermis. Clusters of bacteria associated with fibrillar material surrounding the rhizodermis surface were observed (Fig. 4) . Although the Az39 strain was not found on the radical surface, at the end of the assay, the viability of both bacterial strains was verified in all inoculated treatments.
Discussion
H. impetiginosus shoots cultured in 1/2 WPM without IBA induction showed a higher rooting percentage than in 1/2 MSG, similar to that observed in Tabebuia donnell-smithii shoots (González-Rodríguez et al. 2010) . However, Tabebuia rosea shoots grown in auxin-free developed more adventitious roots (52 %) in 1/2 MS medium (Suarez et al. 2006) . These results showed variable nutrient requirements for Gamborg's vitamins (1968) , 1/2 WPM halfstrength woody plant medium (Lloyd and McCown 1980) . Bars=10 μm rhizogenesis, even within the same genus, as shown in jojoba and blueberry micropropagation (Llorente and Apóstolo 1998; Tetsumura et al. 2008 ). The differences observed in rooting percentage of H. impetiginosus between 1/2 MSG and 1/2 WPM may be explained by differences in the medium components (cobalt and iodide are included only in MS, whereas copper is only in WPM) or changes in their concentration (potassium and nitrogen have higher concentration in MS medium compared to WPM) (George et al. 2008; Tetsumura et al. 2008) .
The IBA pulse concentration required to produce the maximum in vitro rooting percentage of H. impetiginosus shoots in both culture media was reduced by A. brasilense Cd and Az39 strain inoculation (Bashan and de-Bashan 2010). Similar effects were observed in jojoba, photinia, and soybean in vitro rooting (Carletti et al. 1998; Larraburu et al. 2007 Larraburu et al. , 2010 Cassán et al. 2009; Llorente and Larraburu 2013) . The Cd strain also increased the pink lapacho rooting percentage without auxin induction, while the Az39 strain only stimulated H. impetiginosus induced with specific IBA concentrations. These results could be related to the differential production of plant growth regulators between the bacterial strains. A. brasilense Cd, grown in a chemically defined medium (NFB), produces higher levels of IAA, gibberellic acid, and zeatin than the Az39 strain under the same conditions (Perrig et al. 2007) .
The increase in H. impetiginosus root length was observed in the medium with higher nitrate concentration (1/2 MSG) by applying exogenous IBA such as the reversion of nitrate inhibitory effect observed when maize roots were treated with IAA (Zhao et al. 2007 ). Also, the root length of the shoots without IBA induction in 1/2 MSG medium was increased by inoculation with Cd and Az39 strains of A. brasilense. Therefore, the effect of rhizobacteria on root length may be explained by alteration of endogenous auxin balance, as was previously described in other species (Perrig et al. 2007; Bashan and de-Bashan 2010; Fibach-Paldi et al. 2012; Russo et al. 2012) .
Although inoculated treatments in both culture media presented the same (1/2 WPM) or lower (1/2 MSG) root adsorption than controls, several Cd-inoculated shoots showed significant increases (p≤0.05) in shoot and root dry weight. , and various micronutrients. In this sense, A. brasilense Cd enhanced the proton efflux activity of soybean and cowpea roots (Bashan et al. 1992 ) that is directly related to the balance of ions in plant roots, even without proliferation of roots (Bashan and de-Bashan 2010 and cited within). These and other results support the hypothesis that nutrient uptake was more efficient in roots of Azospirilluminoculated plants.
Various studies have suggested that root colonization by several strains of A. brasilense was the key factor in successful plant-PGPR interactions. They can colonize root surfaces as well as the root interior depending on the plant species, PGPR strains, and nutritional quality of the substrate (Bashan et al. 2004) . The allocation of A. brasilense Cd in H. impetiginosus was restricted to the root surface in accordance with that observed on photinia (Larraburu et al. 2010) . The bacteria formed microaggregates, and there were also fibrillar materials that could be associated with the exopolysaccharide secretion involved in bacterial aggregation and root surface colonization (Bashan et al. 2004; Fibach-Paldi et al. 2012 ). The Az39 strain was not observed on the root surface using SEM. Since viability assays confirmed that strain Az39 was active at the end of the experiment similar to the Cd strain, their absence could be due to a labile bacterial root adhesion affected by solvents used in sample preparation methods. Further studies, such as immunofluorescence, must be performed to evaluate Az39 root colonization.
Results obtained in this work show that biofertilization with A. brasilense Cd and Az39 significantly promoted in vitro rooting of H. impetiginosus decreasing auxin requirements; therefore, they decreased micropropagation costs. The inoculation increased the rooting percentage and biometric parameters producing micropropagated plants without the alterations generally associated to in vitro conditions. In addition, the colonization of in vitro shoots by PGPR may be used as a model system to study other aspect, such as biochemical and anatomical processes during plant-bacteria interactions.
